We propose a novel zero guard band (ZGB) multi-twin-SSB bidirectional passive optical network system which combines the multiband carrier-less amplitude phase and twin single sideband (SSB) modulation techniques. The multi-twin-SSB signal is generated at the downlink transmitter side with zero guard band between the left-sideband and right-sideband. A weak local oscillator which is extracted from the uplink optical source aids the downstream signal detection. Kramers-Kronig algorithm is used at both downlink and uplink receiver sides to reconstruct the SSB signal and eliminate the signal-signal beat interference. The downstream and upstream signals are transmitted in a single fiber without any spectral overlap between them and the Rayleigh backscattering noise is removed by the optical band-pass filter. The proposed scheme is extensively investigated and analyzed with four sub-bands using 50 Gbps 16-QAM modulation for each sub-band over a bidirectional 50 km transmission. The results show that, compared with the conventional multi-twin-SSB scheme, the proposed ZGB multi-twin-SSB scheme can improve the spectral efficiency by about 11%. The required optical signal to noise ratio (OSNR) and the required received optical power (ROP) can be reduced by more than 15 dB and 7 dB respectively at the 7% hard decision forward error correction (HD-FEC) threshold (bit error rate of 3.8 × 10 −3 ), respectively. For the uplink transmission, the required ROPs for the inner and outer sub-bands at 7% HD-FEC are about −10 dBm and −11 dBm, respectively. And the signal to noise ratio to the corresponding ROPs for the inner and outer sub-bands are 15.4 dB and 15.3 dB, respectively.
I. INTRODUCTION
With the continuous growing number of network users and the emergence of new network business applications such as live-streaming of high definition video multimedia and cloud computing using remote data storage, the potential capacity demand imposes challenging burdens on passive optical networks (PONs) [1] - [10] . To improve the capacity of optical transmission systems, a variety of advanced modulation formats have been proposed, including subcarrier modulation (SCM) [11] , [12] , orthogonal frequency division multiplexing (OFDM) [13] , [14] and carrier-less amplitude phase (CAP) modulation [15] . The conventional SCM needs electrical mixer and radio frequency source which makes the architecture complex. Some of previous works have been demonstrated the feasibility for the application of The associate editor coordinating the review of this manuscript and approving it for publication was Qunbi Zhuge . OFDM in PON system [16] , [17] , but the OFDM has a high peak-to-average power ratio which makes its performance sensitive to the transceiver devices. The multiband CAP (multi-CAP) was proposed in Ref. [18] which breaks a single-band signal into multiple sub-bands in order to tailor the modulation order depending on the signal to noise ratio (SNR) in each sub-band. The multi-CAP technique can reach high data rate by using different modulation formats and components with limited bandwidth and less complexity. Hence, the CAP modulation with multiband has been considered as a promising low cost solution for the multiple-user PON systems and has attracted extensive investigations [18] - [21] . In 2013, Miguel Iglesias et al. experimentally demonstrated 102 Gbps transmission over 15 km fiber with 6 sub-bands multi-CAP [18] . The modulation formats for each sub-band were 36 ary quadrature amplitude (QAM) for the first three sub-bands, 16 -QAM for the next two bands, and 4-QAM for the last band. In the same year, Junwen Zhang et al. verified a wavelength division multiplexing (WDM) CAP-PON architecture based on multi-CAP 16-QAM with 5 sub-bands [19] . In 2019, Youxu Zen et al. successfully demonstrated a 6 sub-bands CAP-WDM-PON scheme with 5 wavelengths over 20 km fiber transmission based on the discrete multi-tone (DMT) and Hilbert transformed single sideband (SSB) modulation [21] . In brief, the multi-CAP technique can provide large capacity with the flexibility and elasticity of the modulation formats.
To combat the power fading induced by fiber chromatic dispersion (CD) and improve the spectral efficiency (SE) of WDM systems, SSB modulation has been proposed and triggered intensive discussions [22] - [32] . However, there are two serious shortcomings about the conventional SSB system: one is that the signal-signal beat interference (SSBI) induced by the square-law detection of the photodiode (PD) significantly degrades the system performance; and the other is that the partial bandwidth of the transmitter digital-to-analog converters (DACs) are wasted because the SSB signal only carries one sideband information. To overcome the SSBI effect, a guard band equal to the bandwidth of the SSB signal can be introduced between the optical carrier and information carrying sideband to make sure the spectra of the desired signal and the SSBI do not overlap [24] - [26] . Obviously, the SE will be almost halved. In 2016, Mecozzi et al. proposed a direct detection coherent receiver based on the Kramers-Kronig (KK) relations [27] which theoretically eliminated the SSBI by reconstructing the field of a linearly modulated SSB signal. Moreover, the KK based receiver not only overcomes the SSBI effect without guard band but also reduces the required carrier to signal power ratio (CSPR) before the square-law detection [28] - [32] . On the other hand, in order to make full use of the bandwidth of the DACs at the transmitter side, in 2015, Liang Zhang et al. proposed a novel modulation called twin-SSB technique in which two groups of independent signals were modulated onto the left-sideband (LSB) and the right-sideband (RSB), respectively [33] . A commercially available quadrature point biased dual driver Mach-Zehnder modulator (DDMZM) was used to generate the optical twin-SSB signal and a pair of optical band-pass filters (OBPFs) and PDs were employed for signal detection. This scheme has attracted significant interest in many areas of optical communications in recent years [34] - [42] . In 2017, Sunjie Fan et al. proposed a spectrally efficient twin-SSB system based on the time-interleaved OFDM and experimentally verified the scheme by 80 km fiber transmission with the bit rate of 88.3 Gbps [35] . In 2018, Gordon Ning Liu et al. reviewed the typical transmission techniques in the 5G fronthaul, data center interconnect and metro application, and concluded that the twin-SSB modulation could achieve a high SE in these systems [38] . However, one shortcoming still exists in the conventional twin-SSB scheme. A part of unwanted sideband remains at the other side of the optical carrier because of the non-ideal property of the OBPF. This residual unwanted sideband will beat with the desired sideband during the square-law detection resulting in interference that can hardly be eliminated. Therefore, a guard band needs to be introduced between the LSB and RSB signals at the transmitter side which will reduce the SE. Ref. [41] reduced the guard band by using multiple-input-multiple-output (MIMO) processing to equalize the crosstalk of the undesired sideband with an increased computation complexity. Ref. [42] used an asymmetric structure to remove the guard band of one sideband but the guard band of the other sideband still existed.
Rayleigh backscattering (RB) noise is also another obstacle for the bidirectional transmission. Lots of works have been done recently for RB noise mitigation [43] - [45] . Ref [43] used a radio frequency signal synthesizer to reduce the spectral overlap between the distributed carrier and desired signal. In this case, the RB noise was eliminated but the system became more complicated. Ref. [44] , [45] introduced guard band between the downstream and upstream signals. The system performances were improved but the SE was reduced as well.
In this paper, we propose and investigate a novel zero guard band (ZGB) multi-twin-SSB bidirectional PON system which combines the multiband CAP and twin-SSB modulation techniques. At the downlink transmitter side, a null point biased IQ modulator is utilized to modulate a carrier-less optical ZGB multi-twin-SSB signal. At the receiver side, an OBPF and a weak optical local oscillator (LO) are used before detection. The weak LO is extracted from the uplink optical source with its central frequency laying at the edge of the downstream signal. For the uplink transmitter, the SSB modulation is applied with the spectra laying at the opposite side of the downstream signal. So that the RB noise is easily removed by the OBPF. The proposed ZGB multitwin-SSB PON scheme is analyzed and verified by 50 Gbps 16-QAM signals with 4 sub-bands over 50 km bidirectional fiber transmission. Some key advantages of the proposed ZGB multi-twin-SSB scheme are listed as follow: 1) No guard band is needed between the LSB and RSB signals so the SE is higher than that of conventional twin-SSB scheme;
2) The required optical signal to noise ratio (OSNR) for the downlink transmission is reduced and the receiver sensitivity is improved due to the optical carrier suppressed transmission and the heterodyne detection; 3) The SSBI is eliminated and the required optical LO power from the uplink laser is reduced because of the application of the KK algorithm. 4) The RB noise is easily eliminated since the upstream and downstream signals are at different sides of the optical carrier. This is an extension of our previous work published in [46] . Compared to [46] , we present in this paper a novel scheme to further improve the SE for the downlink transmission, and verify the scheme by theoretical analyses and numerical simulations.
II. PRINCIPLE OF THE ZGB MULTI-TWIN-SSB PON
The schematic architecture of the ZGB multi-twin-SSB bidirectional PON is shown in Fig. 1 . At the optical line terminal (OLT) side, a continuous-wave laser with central frequency of f d is used as the optical source for the VOLUME 8, 2020 downlink transmission. The multi-twin-SSB signal is generated at the transmitter side digital signal processing (DSP) using shaping filters (SFs) and Hilbert transform filters according to Ref. [46] but with zero guard between the downstream LSB (DLSB) and downstream RSB (DRSB) signals. For the n-th sub-band, the impulse response of two rootraised-cosine (RRC) based orthogonal SFs are given by [19] SF n
where, β is the roll off factor, Rs is the symbol rate which is also the reciprocal of the symbol time period. Two groups of multi-CAP signals which combined with N and M sub-bands respectively can be express as
where, ⊗ represents the convolution operation, s x I (t) and s x Q (t) are the I and Q data after QAM mapping and up-sampling for the x-th sub-band, respectively. Then a pair of Hilbert transform filters are applied to s CAP1 (t) and s CAP2 (t) to generate the multi-twin-SSB signal which is expressed as
where H [x] represents Hilbert transform. Note that no guard band is necessary between the DLSB and DRSB signals during the above multi-twin-SSB generation process. In order to clearly demonstrate the principle of the multi-twin-SSB transmission, in the following, the summed DLSB signals will be treated as one integrated signal that obtained from a complex baseband signal s bl (t) with −B DLSB /2 frequency shifting where B DLSB represents the optical bandwidth of the DLSB signals. The DRSB signal is defined similarly using s br (t) with B DRSB /2 frequency shifting. The multi-twin-SSB signal can be rewritten as s twin (t) = s bl (t) exp (−jπB DLSB t)+s br (t) exp (jπ B DRSB t) .
A null point biased optical IQ modulator is used to convert the modulated signal into optical domain with the optical carrier suppressed. For simplicity, the IQ modulator is assumed as an ideal linear modulator and the optical multi-twin-SSB signal can be expressed as s twin (t)exp(j2πf d t). The spectrum of the optical downstream signal is shown in the inset (a) of Fig. 1 .
After an optical circulator, the modulated optical downstream signal is launched into a standard single-mode fiber (SSMF) and transmitted towards the optical network units (ONUs). Multiple wavelengths can be applied in the WDM transmission system where each wavelength carries a multi-twin-SSB signal. We chose only one of the wavelengths to demonstrate this scheme for simplicity. At the remote node, the optical signal is firstly split by a de-multiplexer for different users.
Then, an OBPF is applied after an optical circulator to remove the crosstalk of the undesired sideband and the RB noise from the upstream signal. The filtered DLSB and DRSB signal can be expressed as
In practice, there will be a residual part from the undesired side band because of the non-ideal property of the OBPF. But the residual part will not affect the performance of the receiver for the proposed scheme. Detailed discussion of this effect is carried out in part B of this Section. The inset (b) of Fig. 1 The square-law detection can be modeled as
where, A l and A r are the amplitudes of the optical LO for the DLSB and DRSB signals, respectively. According to (10) and (11), the filtered DLSB and DRSB signals after coupled with the optical LOs can be regarded as RSB and LSB signals, respectively. If the detected signal satisfied the minimum phase condition, the KK algorithm [27] can be applied for the SSB signal reconstruction as
where p.v. denotes the Cauchy principal value of the integral. After the KK algorithm, the data of each sub-band can be recovered by using a matched filter (MF) which is similar to the conventional multi-CAP technique [19] . For cost consideration, only a single DDMZM is utilized at the uplink transmitter. LSB and RSB modulations are applied to the DLSB and DRSB group users respectively to ensure that the spectra of the upstream and downstream signals do not overlap. After SSMF transmission, an OBPF is used before the single-ended PD and the signal is then processed by the DSP. Details of the DSP for both downlink and uplink transmitter and receiver are carried out in Section 3. The spectrum of the upstream LSB (ULSB) after the SSMF transmission and the principle the OBPF filtering is shown in the inset (e) of Fig. 1 . Obviously, the downstream and upstream signals are located at different sides of the optical carrier, so the RB noise can be easily removed by the OBPF before PD detection.
In this scheme, although an optical LO is necessary for heterodyne detection of the downstream signal, the light is extracted from the uplink transmit laser. So, the cost of this scheme does not increase much compared with PON systems where optical sources exist in both OLT and ONU sides. The uplink transmitter uses part of its light source power in exchange for the improvement of the SE and performance for the downlink transmission. Fortunately, the KK algorithm can greatly reduce this distributary power because required CSPR for the KK receiver is much lower than the conventional receiver.
A. THE IQ MODULATOR BASED MULTI-TWIN-SSB SCHEME
In the proposed ZGB multi-twin-SSB PON downlink transmission, a null point biased IQ modulator is applied instead of the conventional quadrature point biased DDMZM [23] , [37] , [38] or an IQ modulator biased above the null point [39] , [42] . As widely known, the DDMZM working at push-pull mode can be modeled with two parallel phase modulators and the output of the DDMZM can be expressed as [47] E out (t)
where E in represents the input optical field, V b1 and V b2 are the direct current (DC) bias voltages for the upper and lower branches, s 1 (t) and s 2 (t) are the radio frequency signals, respectively. And for the push-pull mode, s
, which is a constant phase shift,
, P out and P in are the output and input optical power, respectively. VOLUME 8, 2020 At the null point of the DDMZM (where V b = V π ), the Taylor series expansion with respect to s(t) can be derived from (16) and given by
The first term is the linearly modulated signal and the other terms are the high order disturbances. While, at the quadrature point of the DDMZM (where V b = V π /2), the Taylor series expansion with respect to s(t) is given by
If the terms above 3-rd order are ignored, it can be observed from (19) that both 2-nd and 3-rd order nonlinear terms exist when the DDMZM is biased at the quadrature point. In contrast, the equation (18) shows that only 3-rd order nonlinear term exists when the DDMZM is biased at the null point. Typically, the term πs(t)/V π is usually kept less than 1 by adjusting the optical modulation index (OMI) [48] . In this case, the higher the order of a term means the less power it takes. For this reason, with the same OMI, the DDMZM working at its null point suffers less nonlinear disturbance compared with that working at the quadrature point. For comparison, the typical transmission curve of the DDMZM is shown in Fig. 2 . It can be observed that the null point locates the best field-wise linearity where the output field E out can be approximately considered as a linear representation of the input field E in . While at the quadrature point of the DDMZM, the output power P out can be approximately considered as a linear representation of the input power P in . Accordingly, the quadrature point biased DDMZM is usually used as an intensity modulator in short-reach communications [19] , [20] . Therefore, the null point biased IQ modulator which consists of two DDMZMs can produce more linear modulation compared with the quadrature point biased single DDMZM with the same OMI [48] - [50] . Furthermore, since the optical carrier is not transmitted with the signal, the proposed IQ modulator based scheme can also improve the receiver sensitivity and reduce the required OSNR of the downlink transmission. For simplicity, only the DLSB signal receiving process is considered for explaining the principle. In the conventional scheme, the DDMZM needs to be biased at its quadrature point to generate the optical twin-SSB signal with an optical carrier as shown in the inset (a) of Fig. 3 (I) . An OBPF is needed at the receiver side to obtain an optical SSB signal.
Because of the non-ideal property of the OBPF, a part of the undesired sideband will still exist before detection as shown in the inset (b) of Fig. 3 (I) . Hence, the square-law detection can be typically modeled as
where, A represents the optical carrier amplitude, s lsb (t) donates the desired LSB signal, s res (t) is the residual part of the RSB signal after the OBPF, f 1 and f 2 are the central frequencies of s lsb (t) and s res (t) respectively, * denotes the complex conjugate. According to (20) , since s lsb (t) and s res (t) are at different sides of the optical carrier, the desired LSB signal (the second term) suffers from four kinds of crosstalk: the residual part crosstalk (the third term), the desired sideband signal with the residual part signal beat interference (the fourth term), the desired sideband SSBI (the fifth term), and the residual part SSBI (the sixth term). The corresponding electrical spectrum after square-law detection is shown in the inset (c) of Fig. 3 (I) . Because the optical signal before square-law detection is no longer a SSB signal, the phase information is destroyed and can hardly be reconstructed by the DSP. Therefore, a guard band need to be introduced between the LSB and RSB signals at the transmitter side, which will limit the SE. In the proposed ZGB twin-SSB downlink transmission, the IQ modulator is biased at its null point to suppress the optical carrier before launching into the fiber as shown by the spectrum in the inset (d) of Fig. 3 (II) . At the receiver side, the optical signal is also filtered by an OBPF and then coupled with an optical LO whose center frequency is set to the left edge of the filtered sideband as depicted by the spectrum in the inset (e) of Fig. 3 (II) . For simplicity, the following square-law detection can be modeled as
where f represents the central frequency of s lsb (t) + s res (t).
In this case, the residual part of the undesired sideband and the desired sideband are at the same side of the LO with non-overlapping spectra. Hence they can be regarded as an integrated SSB signal as shown in the inset (e) of Fig. 3 . For this reason, the SSBI of the whole filtered signal can be easily eliminated by KK algorithm. Moreover, since the spectra of the residual part crosstalk and the desired signal do not overlap, the residual part crosstalk also can also be removed by a corresponding MF. The spectrum after square-law detection is shown in the inset (f) of Fig. 3 (II) . Furthermore, since the required CSPR of KK receiver is much lower than the conventional gapless receiver, only a weak LO (which can be extracted from the uplink light source) is required to reconstruct the SSB signal. It should be noted that, as two unrelated lasers are applied in this process, the phase noise will appear in the desired signal. Fortunately, this kind of noise can be easily compensated by some classic phase estimation algorithms [51] - [53] after the SSB field reconstruction by the KK receiver. Therefore, no guard band is needed in the proposed twin-SSB scheme. Figure 4 shows the spectra allocation for the downstream signal (a) and the upstream signal (b) of the proposed ZGB multi-twin-SSB bidirectional PON system. For downlink transmission, the multi-twin-SSB is modulated without guard band and the sub-bands are divided into DLSB and DRSB groups. At the receiver side, the users in different groups are filtered out by different OBPFs before PD detection. The optical LOs are located at left and right edges of the spectra for the DLSB and DRSB signals, respectively. For uplink transmission, LSB and RSB modulations are applied for the users in the DLSB and DRSB groups, respectively. Note that the SSB modulation applied in both downlink and uplink transmission can help the PON system against the power fading induced by the CD of fiber. As a single fiber is used for bidirectional transmission, the RB noise will occur and degrade the system performance. However, the spectra for the downstream and upstream signals are at different sides of the optical carrier and the amplitude of the RB noise is much lower than the desired signal. So, the RB noise for both downlink and uplink can be easily removed by the OBPF.
C. SPECTRA ALLOCATION FOR DOWNLINK AND UPLINK

III. SIMULATION VERIFICATION AND RESULTS DISCUSSION
In order to validate the proposed ZGB multi-twin-SSB bidirectional PON scheme, numerical simulations were conducted using the Virtual Photonics Incorporated VOLUME 8, 2020
Transmission Maker 9.1 integrated with Matrix Laboratory (MATLAB). The simulated system followed the schematic of Fig. 1 with some simplifications. For downlink transmission, two sub-bands of LSB were assumed for ONU1 and ONU2 and the other two sub-bands of RSB for ONU3 and ONU4. The transmitter side DSP function is shown in Fig. 5 (a) . A pseudo random binary sequence (PRBS) with 2 18 The responsivity and dark current of the PD for each ONU was set to 0.85 A/W and 0.5 nA, respectively. The induced SSBI after the square-law detection is shown in the insets of Fig. 5 (b) . The obtained electrical signals were then processed by the MATLAB using the receiver side DSP function shown in Fig. 5 (b) . KK algorithm was firstly applied to cancel the SSBI of the downstream signal. After that, digital CD compensation is conducted in the frequency domain and then the data stream corresponding to i-th ONU was digitally filtered by a MF. Note that as the central frequencies of the optical LOs locatedat the left and right edges of the LSB and RSB downstream signals, the location of the sideband of the received electrical signals were inverse of the transmitter side. Hence, the central frequencies of the ONU1-ONU4 at the receiver side were f 3 , f 4 , f 1 and f 2 , respectively. The positions of the desired sub-bands in LSB and RSB signals is shown in the inset (II) and inset (III) of Fig. 5 (b) , respectively. After digital filtering, the signal was down-sampled by 8 times followed by a phase noise compensation (PNC) processing [51] . Finally, the QAM signals were demodulated for bit error rate (BER) calculation. For the uplink transmission, a quadrature point biased single DDMZM was applied to modulate SSB signal. The DSP functions at the uplink transmitter and receiver sides are shown in Fig. 6 (a) and (b). For the upstream operation, the data for different users were modulated by 16-QAM format and digitally filtered by SFs with a Hilbert transform filter. The symbol rate, RRC roll-off factor and the central frequencies of ONU1-ONU4 were the same as the downstream signals. At the receiver side, the optical signals were filtered by two OBPFs whose central frequencies located at f u1 −Rs(1+β) and f u2 +Rs(1+β) with 3 dB bandwidth of B w for the ULSB and URSB group users respectively, and then detected by single-ended PDs. The operation for the uplink receiver side DSP was almost the same as downlink. Since the optical carrier was transmitted together with the signal and they exhibit the same phase noise, no PNC was needed in the receiver side DSP.
A. OPTIMAL CSPR
The KK algorithm can reconstruct the field of a linearly modulated SSB signal and effectively eliminate the SSBI induced by the square-law detection when the minimum phase condition is satisfied [27] . Compared with the conventional receiver, KK receiver can remarkably reduce the required CSPR and significantly improve the performance with no guard band introduced between the optical carrier and the desired sideband signal [28] - [30] . To investigate the required CSPR of the proposed scheme, Fig. 7 shows the SNR performance of the ZGB multi-twin-SSB for all sub-bands as a function of CSPR after 50 km fiber transmission at the OSNR of 35 dB and the total detected optical power remains constant at 0 dBm. The SNR is calculated before the QAM signal demodulation and defined as SNR(dB) = −20log 10 (EVM) according to Ref. [54] , where EVM is the error vector magnitude of the received signal. The total detected optical power P total and the CSPR are defined as
CSPR(dB) = 10 log 10 P LO P sig , where P LO is the power of the optical LO which is extracted from the light source of the uplink transmitter, P sig is the received optical signal power (ROP) which contains the filtered optical SSB signal only. It should be noted that the CSPR is varied by adjusting P LO and P sig while keeping the total detected optical power P total constant. When the CSPR is insufficient, the KK algorithm cannot reconstruct the SSB signal because the minimum phase condition is not satisfied [27] . So, the SNR performance increases with the CSPR until it reaches an optimal value (CSPR = 8 dB). It should be noted that, since the optical LOs lay at the left and right edges of the DLSB and DRSB signals, respectively. According to (10) and (11), the filtered DLSB and DRSB signals after coupled with the optical LOs can be regarded as RSB and LSB signals, respectively. Hence, the ONU1 and ONU4 are considered as the inner sub-bands while ONU2 and ONU3 are the outer sub-bands. As shown in the insets (II) and (III) of the Fig.5 (b) , since the SSBI has a triangular spectrum in the frequency domain, the inner sub-bands (ONU1 and ONU4) suffer stronger SSBI than that of outer sub-bands (ONU2 and ONU3). So, the performances of ONU1 and ONU4 decrease more rapidly compared to ONU2 and ONU3 as the CSPR goes below 8 dB. When the CSPR is larger than 8 dB, the KK algorithm can work well under the minimum phase condition. In this case, the performances of inner sub-bands are almost equal to those of outer sub-bands. Since the total detected optical power P total is kept constant, the signal power P sig keeps decreasing as the CSPR grows. The shot and thermal noises of the PD become the major limitation of the receiver in this case. So, the system performance begins to deteriorate when the CSPR keeps growing. Finally, when the CSPR is larger than 25 dB, P LO is approximately equal to 0 dBm, and the P sig is very weak. Hence, CSPR(dB) ≈ 0 − 10log 10 (P sig ), and the SNR can be expressed as SNR(dB) = 10log 10 (P sig ) − 10log 10 (P noise ) = −CSRP(dB) − 10log 10 (P noise ), where P noise is the noise power of the receiver. Since P noise remains constant, when the CSPR is larger than 25 dB, the SNR almost shows a linear decline with the CSPR. For the conventional receiver without KK algorithm, the signal can hardly be demodulated when the CSPR is too low (i.e., CSPR < 6 dB for inner sub-bands and CSPR < 4 dB for outer subbands). The optimal CSPR for the conventional receiver is about 22 dB at the total detected optical power of 0 dBm. Therefore, the KK receiver can reduce the CSPR by about 14 dB. Because of the SSBI elimination feature, KK receiver can also improve the SNR performance by about 2.2 dB at the optimal CSPR. Therefore, thanks to the KK algorithm, the uplink laser only needs to extract a weak light for the downstream signal detection.
B. GUARD BAND
To investigate the SE improvement of the proposed downlink scheme, Fig. 8 shows the SNR performances of the conventional and the proposed ZGB multi-twin-SSB schemes versus guard band after 50 km downlink transmission at the OSNR of 35 dB while the ROP remains constant at 0 dBm. These results are obtained by KK receiver at the optimal CSPR with corresponding optimal OMI [46] . The guard band defined here is the bandwidth between the LSB and RSB signals. Note that, since the optical carrier for the conventional scheme is in the middle of the four sub-bands, ONU2 and ONU3 are considered as the inner sub-bands while ONU1 and ONU4 are the outer sub-bands. When the guard band is below 6 GHz, the SNR performances of the conventional scheme decrease rapidly because the residual part of the undesired sideband breaks the condition for the SSB signal reconstruction. For the proposed ZGB scheme, the performances for all the sub-bands are almost stable with the guard band increasing. This is because the whole filtered signal coupling with the optical LO can be regarded as an integrated SSB signal and this kind of SSBI is easily eliminated by KK algorithm as we discussed previously in Section. 2.2. Therefore, the proposed ZGB multi-twin-SSB scheme can help improving the SE by about 11%. Furthermore, as the null point is where the best field-wise linearity locates for the DDMZM, the proposed null point biased IQ modulator based ZGB scheme can improve the SNR performances by about 3.9 dB and 2.7 dB for inner and outer sub-bands respectively compared with the conventional DDMZM based scheme with a guard band of 6 GHz.
C. REQUIRED OSNR
As the optical carrier is not transmitted together with the modulated signal in the proposed scheme, the required OSNR is reduced compared with the conventional scheme because the optical carrier at the modulator output takes a large proportion of the power. To investigate this issue, Fig. 9 shows the BER performances for the conventional DDMZM based scheme and the proposed IQ modulator based ZGB scheme as a function of OSNR after 50 km fiber downlink transmission at the ROP of 0 dBm. The results for both of the schemes are obtained at the optimal parameters. The guard band of the conventional scheme is set to 6 GHz while no guard band is used for the proposed scheme. For the conventional scheme, it is observed a performance difference between the inner and outer sub-bands when the OSNR is larger than 28 dB due to the nonlinear effect of the quadrature point biased DDMZM and the residual unwanted sideband interference. The proposed ZGB multi-twin-SSB scheme can reduce the required OSNR by about 17dB and 15 dB at 7% hard decision forward error correction (HD-FEC) threshold (BER = 3.8×10 −3 ) for the inner and outer sub-bands, respectively.
D. RECEIVER SENSITIVITY Figure 10 shows the BER performances as a function of ROP for the conventional multi-twin-SSB and the proposed ZGB multi-twin-SSB scheme after 50 km fiber downlink transmission at the OSNR of 35 dB. The guard band of the conventional scheme is set to 6 GHz while no guard band is It is observed that, for the ZGB multi-twin-SSB transmission, when the ROP is lower than −9 dBm, the performances of the inner sub-bands are worse than that of the outer sub-bands. This is because that the performance is mainly limited by the additive noise of the receiver when the ROP is insufficient and the minimum phase condition for KK algorithm is not satisfied. Nonetheless, the proposed ZGB multi-twin-SSB scheme can improve the receiver sensitivity by about 7.4 dB and 7.6 dB for the inner and out sub-bands, respectively. Figure 11 shows the BER performance versus ROP at the OSNR of 35 dB after 50 km uplink transmission. The spectra of the upstream signals and the positions of ONU1-ONU4 are shown in the inset (a) of Fig. 11 . Obviously, as the spectra of the downstream and the upstream signals do not overlap, the RB noise is effectively eliminated by the OBPF. Hence, the field of the upstream SSB signal can be well reconstructed by the KK algorithm. The typical constellations for ONU1 and ONU2 at the ROP of −5 dBm are shown in the inset (b) and (c) of Fig. 11 . The required ROPs for the upstream signals at 7% HD-FEC are about −10 dBm and −11 dBm for the inner and outer sub-bands, respectively. Figure 12 shows the SNR performance versus ROP at the OSNR of 35 dB after 50 km uplink transmission. The insets of Fig. 12 show the typical constellations of the ONU1 and ONU2 at the ROPs of −11 dBm and −10 dBm with the corresponding SNRs of 15.3 dB and 15.4 dB respectively. It is observed that since the impact of the SSBI on the inner sub-bands is serious than the outer sub-bands, about 1.4 dB SNR penalty exist between the inner and outer sub-bands at the ROP of −5 dBm.
E. THE UPLINK PERFORMANCE
IV. CONCLUSION
In conclusion, a ZGB multi-twin-SSB system in single fiber bidirectional PON is proposed and investigated in this paper. A null point biased IQ modulator is applied at the downlink transmitter side to suppress the optical carrier and obtain a more linear modulation. An optical LO whose central frequency lays at the opposite edge of the undesired sideband is needed before detection. KK algorithm is adopted at the receiver side DSP to reduce the required CSPR as well as eliminate the SSBI induced by the square-law detection. Thanks for that, only a weak optical LO which extracted from the uplink optical source is needed for the downstream signal detection. Since the residual part of the unwanted sideband and the desired sideband are at the same side of the optical LO, the whole filtered signal can be regarded as an integrated SSB signal which makes it possible to be well reconstructed by KK algorithm after square-law detection. Therefore, no guard band is needed in the proposed scheme and the SE is theoretically improved. In addition, as the optical carrier is not transmitted with the desired signal, the proposed ZGB multi-twin-SSB scheme can significantly improve the receiver sensitivity and reduce the required OSNR. For the uplink transmission, a quadrature point biased single DDMZM is applied to modulate the SSB signal. The subsequent upstream and downstream signals locate at different sides of the optical carrier so their spectra do not overlap. Hence the RB noise is easily eliminated by the OBPF. The results show that, compared with the conventional multi-twin-SSB downlink transmission, the proposed ZGB multi-twin-SSB scheme can improve the SE by about 11%. The required OSNR and the required ROP at the 7% HD-FEC threshold can also be reduced by more than 15 dB and 7 dB respectively. For the uplink transmission, the required ROPs for the inner and outer sub-bands at 7% HD-FEC are about −10 dBm and −11 dBm, respectively. And the SNR to the corresponding ROPs for the inner and outer sub-bands are 15.4 dB and 15.3 dB, respectively. We believe that the proposed ZGB multi-twin-SSB system can play a role in the future single fiber bidirectional PON applications beyond this work. 
